Environmental context. Amines are of interest to atmospheric chemistry as they may be important gas-phase precursors for secondary aerosol formation. We describe a mass spectrometer for real-time in-situ measurements of gaseous alkyl amines in the atmosphere. This measurement technique will help to evaluate the contribution of amines to the formation of secondary aerosols, including secondary organic aerosol and new particle formation.
Introduction
Amines are the common base compounds found in the atmosphere in both gas [1, 2] and particulate phases. [3, 4] Gaseous amines can contribute to secondary organic aerosol formation by either acid-base reactions with gas-phase acids (e.g. HNO 3 , H 2 SO 4 ) [5, 6] or oxidation reactions with OH, O 3 and NO 3 .
[7 -10] Amines have also become increasingly of interest, as several recent field observations [11, 12] and quantum chemical calculations [13] [14] [15] [16] suggested that amines can be important for atmospheric new particle formation, another pathway for secondary aerosol formation. Laboratory observations showed that amines indeed can participate in aerosol nucleation and growth, [17] [18] [19] even in particle sizes in the range from 1 to 3 nm. [20] Even though these numerical simulation [13] [14] [15] [16] and laboratory studies [17] [18] [19] [20] often showed that the enhancement effect of amines can be even more significant than NH 3 for new particle formation, it is still unclear whether amines are as important as NH 3 in the real atmosphere, because the mixing ratios of amines are much lower than NH 3 . [21] Therefore, it is necessary to measure atmospheric amine concentrations using techniques with a fast time response and a low detection limit to understand the role of amines in secondary aerosol formation processes.
Amine compounds have been typically measured with offline analytical methods based on gas chromatography, highperformance liquid chromatography or ion chromatography, coupled with a flame ionisation detector, mass spectrometer, UV-detector, fluorescence detector or electrochemical detector. [21] The advantage of these off-line techniques is that the detection limit can be improved by an enhanced analyte preconcentration (e.g. absorption in water or sorption on solid sorbents), but the preconcentration with the prolonged sampling time also raises several technical issues. First, it causes a low time resolution. Second, high-performance liquid chromatography and ion chromatography methods often involve amine absorption to water; even ultra-purified water contains a substantial level of background NH 3 and amine impurities. [20] Also, amines have to be derivatised before separation and detection, which may lead to a poor sensitivity and selectivity.
Chemical ionisation mass spectrometry (CIMS) has been used for fast time resolution detection of various atmospheric gaseous species, including NH 3 . [22] [23] [24] [25] [26] [27] [28] [29] [30] Nevertheless, atmospheric amine measurements with mass spectrometry techniques are still very sparse. [30] [31] [32] [33] Eisele [30] detected air ion clusters containing amines using tandem mass spectrometry in Sapelo Island, GA, and Mount Evans, CO. Sellegri et al. [31, 32] have used proton transfer reaction chemical ionisation mass spectrometry (PTR-CIMS) to measure gas phase aldehydes, alcohols, organic acids and trimethylamine in a boreal forest in Finland. Hanson et al. (amine molecules containing one to six carbon atoms) in Atlanta, GA. Both PTR-CIMS and AmPMS utilise protonated water ions (H 3 O þ (H 2 O) n ) as the ionisation reagent. Here, we describe a CIMS instrument to detect gaseous alkyl amines and NH 3 using different ionisation reagents (protonated ethanol and acetone ions). The ionisation schemes were previously used for NH 3 detection by Nowak et al. [23] [24] [25] and for the first time these schemes have been used for amines in the present study. A major advantage of using protonated ethanol and acetone ions as reagent, compared with protonated water ions used in PTR-CIMS [31, 32] and AmPMS, [33] is that only high proton affinity base compounds are selectively detected. The sensitivity, limit of detection (LOD), time response and instrumental background were evaluated for common C 1 -to C 6 -amines. Simultaneous ambient measurement of amines and NH 3 was carried out for a week in November 2011 in Kent, OH. CIMS has also been used in our recent laboratory studies to investigate the role of amines in atmospheric new particle formation. [19, 20] We have previously described our NH 3 detection using CIMS in detail in Benson et al. [22] and here we focus on the amine detection.
Experimental

Description of the instrument
The CIMS instrument consists of three major parts: (i) a sampling inlet used to perform ambient, background and calibration measurements, (ii) a low pressure ion molecule reaction cell and (iii) a vacuum region of the mass spectrometer including a collision dissociation chamber (CDC), an octopole ion guide, a quadrupole mass filter and a channeltron detector (Fig. 1) . The main part of the mass spectrometer in the vacuum region was built by Georgia Institute of Technology to detect NH 3 , as described elsewhere. [22] [23] [24] [25] The present study focuses on the characterisation of the sampling inlet and ion-molecule reactions for the simultaneous detection of amines and NH 3 . The CDC was maintained at 0.5 Torr (,0.67 hPa) with a molecular drag pump (Adixen, Annecy, France). The molecular collisions in the CDC efficiently dissociate weakly bound cluster ions into their core ions, simplifying the resulting mass spectra. The octopole ion guide at 7.5 Â 10 À3 Torr (,1.0 Â 10 À2 hPa) collimates the beam of ions and transfers them into the quadrupole mass filter at a pressure of less than 8 Â 10 À5 Torr (1.1 Â 10 À4 hPa). A channeltron detector was used to detect the ions. The ion-molecule reaction cell of the CIMS instrument was maintained at a low pressure (,15 Torr, ,20 hPa). Compared with atmospheric pressure ionisation, the low pressure reaction cell can lower the detection sensitivity but it also provides lower background signals. A pinhole (0.5 mm in diameter), located at the entrance of the ambient air flow into the CIMS instrument, was used to maintain the low pressure of the reaction cell. The ambient air flowing through the pinhole into the reaction cell was 1.7 standard litres per minute (slpm) at 0 8C and 10 5 Pa. The ionisation reagent, ethanol or acetone, was vaporised into a pure nitrogen flow (purity 99.99999 %) from a glass bottle containing pure ethanol or acetone at room temperature. After passing over a 210 Po radioactive source (NRD, LLC, Grand Island, NY), the reagent gas flowed into the reaction cell in the direction perpendicular to the ambient flow. The ethanol and acetone concentrations in the reaction cell were estimated to be ,2 and ,6 %. An electric potential of 20 V was applied to the reaction cell to ensure that ions were focussed into a narrow beam along the central axis 4 cm long, 0.9-cm internal diameter 2 cm long, 0.9-cm internal diameter Fig. 1 . A schematic diagram of the chemical ionisation mass spectrometry instrument consisting of (1) a sampling inlet used to switch between ambient, background and calibration measurements, (2) a low pressure ion molecule reaction cell and (3) a vacuum region including a collision dissociation chamber (CDC), an octopole ion guide, a quadrupole mass filter and a channeltron detector. The sampling inlet was housed in a temperature controlled box maintained at 35 8C. All inlet components (including tubings, Tee unions, and the three-way valve) were made from perfluoroalkoxy (PFA) Teflon. Before reaching the CIMS pinhole, 10 standard litres per minute (slpm) at 0 8C and 10 5 Pa, air flow (purple arrows) travelled through the PFA tubing of 19 cm long (residence time of 64 ms) in the ambient mode, and was switched to a scrubber housing (green arrows) for the background mode measurement. Calibration gases were merged with zero gas flowing out of the scrubber housing in the calibration mode (red arrow), whereas at other times, they were removed through a solenoid valve in the ambient and background mode (blue arrow). The dead volume of calibration gas flow in the tubing is shown in the grey shaded area. of the reaction cell, so that ion-molecule reactions took place completely and ions were delivered into the CDC entrance efficiently. For a pinhole with a fixed diameter, a higher flow rate of the reagent gas can create higher reagent ion signals and thus higher product ion signals. On the other hand, this also lowers the concentrations of the sampled amines and NH 3 in the reaction cell. An optimised reagent gas flow rate of 2.0-2.5 slpm was found for the highest detection sensitivity. The total flow in the reaction cell was thus 3.7-4.2 slpm, corresponding to a reaction time of 67-76 ms in the reaction cell.
Ion-molecule reactions
Ion production in the reaction cell was initiated with the 210 Po radioactive source. The presence of ethanol or acetone vapour rapidly led to the formation of protonated ethanol or acetone ion clusters. Similar to the detection schemes previously used to detect NH 3 by Nowak et al. [23] [24] [25] the schemes for amines (methylamine, dimethylamine, trimethylamine, ethylamine, diethylamine and triethylamine, denoted as B below) and NH 3 with ethanol reagent ions can be expressed as the following:
where n ¼ 1, 2, and 3, and with acetone reagent ions:
where i ¼ 1 and 2 and j ¼ 0 and 1. The proton affinities of the gas phase ethanol and acetone are 185.6 and 194.1 kcal mol À1 [34] ( Table 1 ). The high reagent proton affinity enabled a higher selectivity of our CIMS instrument so that only base molecules with high proton affinities (e.g. amines and NH 3 ) were ionised without substantial interferences from other abundant gaseous organic compounds in the atmosphere. On the other hand, the sensitivity of analyte molecules can be hindered if the proton affinity of the ionisation reagent was too high. Therefore, the performances of both ethanol and acetone were evaluated for the amine and NH 3 detection (as discussed in Sensitivity and LOD sections). We did not test the sensitivity of analytes other than amines and NH 3 , but it is possible that our CIMS instrument could measure other high proton affinity molecules (e.g. amides with a proton affinity .200 kcal mol À1 ). Typical mass scans using ethanol and acetone are shown in Fig. 2a (Fig. 2a) . The ethanol dimer (C 2 H 5 OH) 2 H þ was the primary reagent ion, with an ion intensity (3 Â 10 5 Hz) three to five times higher than those of the monomer and trimer ions (Fig. 2a) Chemical ionisation mass spectrometer for amines C 74 (C 2 H 5 ) 2 NH 2 þ (diethylamine) and 102 (C 2 H 5 ) 3 NH þ (triethylamine). Amine signals were also present in the background mass scan, but with much lower abundances (up to 200 Hz). All of these 11 reagent and product ions, as listed in Table 1 , were monitored and used for the quantification of the ambient NH 3 and amine concentrations.
The background ion signals, when using acetone as reagent, were m/z 59 (CH 3 . Similar to the case with ethanol as reagent (Eqn R2), BH þ were also the only product ions for amines (B) (Eqn R4). Several additional ion peaks were also present when using the reagent acetone. They were protonated water monomers (m/z 19,
; but they were distinguishable from amine and NH 3 ion peaks (Table 1) .
Interferences among the target amines and NH 3 were minimal. Background NH 3 was always present in the inlet system 
40 60 80 100 120 140 . The same amine product ions as in (a) were present after the addition of 3.2 ppbv methylamine (brown), 2.3 ppbv dimethylamine (green), 2.8 ppbv trimethylamine (brown), 5.3 ppbv diethylamine (blue), and 2.8 ppbv trimethylamine (red). Additional ion peaks at m/z 19, 37 and 55 were protonated water monomers
H. Yu and S.-H. Lee D desorbing from inlet surfaces, even when the scrubber was turned on. All amine sensitivities were obtained in the NH 3 plume. As shown in Fig. 2 and Table 1 , NH 3 ion peaks (m/z 18, 64 and 110, using ethanol as ionisation reagent) do not overlap with the target amine product ions (m/z 32, 46, 60, 74, 102). The quantification of amine was thus not interfered by NH 3 and amines of different ion mass. On the other hand, amine isomers with the same ion mass cannot be distinguished by CIMS. Therefore, we used C 1 -to C 6 -amines to represent the alkyl amine isomers containing one to six carbon atoms in a molecule.
Interferences from water were also negligible, when using ethanol as ionisation reagent. Possible interferences from water include the proton transfer from the ionisation reagent to water molecules and the clustering of reagent ions with (H 2 O) n . As shown in Fig. 2b , water clusters of
þ were present when using acetone as ionisation reagent. Such proton transfer from acetone to (H 2 O) n H þ may decrease the selectivity and sensitivity of CIMS. However, these (H 2 O) n H þ clusters were absent in the mass spectra using ethanol, probably due to the high ethanol concentration in the reaction cell (,2 %). This result is consistent with Nowak et al. [23] showing that formation of (H 2 O) n H þ was prohibited at high ethanol concentrations. The absence of (H 2 O) n H þ in the ethanol ion chemistry also suggests that ethanol is a better ionisation reagent than acetone. The clustering of reagent ions with (H 2 O) n in the ionmolecule reaction cell is likely to change the reactivity of (C 2 H 5 OH) n H þ with amines and thus affect the sensitivity of amine detection. However, during our ambient measurements we found the measured amines and NH 3 sensitivities were weakly correlated with relative humidity (RH) (R 2 ¼ 0.17-0.35), indicating little interferences from water. A previous study of NH 3 measurements using the same CIMS instrument also did not show a RH dependence of the NH 3 sensitivity. [22] Sampling inlet for background, calibration and ambient measurements The sampling inlet was based on the NH 3 -CIMS instrument, as described by Nowak et al. [24, 25] and Benson et al. [22] The residence time in the sampling inlet in the present study was substantially reduced to 64 ms from the previous 168 ms. [22] The sampling inlet was housed in a temperature controlled box (16 Â 18 Â 38 cm, length Â height Â width) maintained at 35 8C. Under this temperature, artefacts of amines from the decomposition of aminium from the aerosol phases were considered to be negligible. For example, the background signals of amines were not dependent on temperature. All inlet components (including tubing, Tee unions and three-way valve) coming in contact with sample air were of 0.9-cm internal diameter and made of perfluoroalkoxy (PFA) Teflon, a material proven to have the least adsorption of NH 3 on its surface. [22] An air sampling flow of 10 slpm was delivered into the inlet box through a 7 cm-long PFA tube sticking out of the box and the subsequent Tee union 1. The flow was then switched between the background and ambient measurement modes with a three-way valve (TEQCOM, Santa Ana, CA) controlled by a computer. One leg of the three-way valve was connected with another 7 cm-long PFA tube for air flow in the ambient measurement (ambient mode). Another leg was connected to a scrubber housing (stainless steel, 3.5-cm internal diameter, 15 cm long) to generate the zero gas for the background measurement (background mode). During the ambient mode, the 10-slpm air flow (shown with purple arrows in Fig. 1 ) travelled through the PFA tubing of a total length of 19 cm before reaching the pinhole of the CIMS instrument, which resulted in a residence time of 64 ms. The 1.7-slpm air sample was subsequently drawn into the ion-molecule reaction cell through the pinhole and the rest of the 8.3-slpm air was sucked out by a scroll pump (Varian Inc., Lexington, MA).
Background measurements were performed for 5 min every 50 min. Sampling air of 10 slpm travelled through Tee union 1, the scrubber housing containing silicon phosphates (Perma Pure LLC., Toms River, NJ ) and the three-way valve (Fig. 1 ). An amine and NH 3 calibration gas mixture of 0.2 slpm was added via Tee union 2 placed between the scrubber housing and the three-way valve to perform the calibration. A calibration was made periodically for 2 min every 200 min (calibration mode). The 2-min calibration was performed within the 5-min period of the background mode, so that the calibration gas was merged with the zero gas flowing out of the scrubber housing (red arrow in Fig. 1 ). During the remaining time of the background or ambient mode (198 min), a solenoid valve (ASCO, Florham Park, NJ) was switched to an external pump with a flow rate of 0.2 slpm, so the calibration gas was rapidly sucked out through Tee union 3 and the solenoid valve (blue arrow in Fig. 1 ). The dead volume in the calibration system was estimated to be ,0.3 cm 3 . The solenoid valve was used to minimise the perturbation of the flow in the calibration gas supply line and ensure a fast time response to calibration (see Time response section).
Amines of a known concentration in the calibration gas mixture were generated from pre-calibrated National Institute of Standard and Technology (NIST) traceable permeation tubes housed in a temperature and pressure controlled gas standard generator (Kin-Tek 491MB, La Marque, Texas). NH 3 in the calibration gas was delivered from the 4.34 parts per million by volume (ppmv) NH 3 gas tank (Airgas. Inc., Radnor Township, PA). The flow rates of calibration gases were regulated by mass flow controllers (MKS Instruments, Andover, MA, calibrated with a Bios DryCal, Bios International Corporation, Butler, NJ) and diluted to 0.2 slpm by the nitrogen gas vaporised from the liquid nitrogen.
Scrubber efficiency and background signals
There were substantial amine and NH 3 background signals in the CIMS instrument (,8000 Hz for NH 3 and up to 200 Hz for amines, as shown Fig. 2 ), even when extremely clean air was introduced into the sampling inlet. These background signals also varied with concentrations of NH 3 and amines in the sampling flow. Such a variable background level is an important technical issue in the detection of nitrogen base compounds, because of the adsorption and desorption of nitrogen base compounds from inner surfaces in the inlet and the ion-molecule reaction cell (so called memory effect). For example, Nowak et al. [24] reported ,0.1-2.0 parts per billion by volume (ppbv) for the NH 3 background by CIMS. To take into account the variable background levels, we have performed frequent in situ background measurements during the ambient observation. For this purpose, the removal efficiency of the scrubber was determined to produce the proper 'zero' gases for the NH 3 and amine measurement.
Silicon phosphates have been typically used to remove NH 3 . [22] [23] [24] [25] Silicon phosphates form phosphoric acid with water when exposed to ambient levels and subsequently remove NH 3 from the ambient air:
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It is the first time that the removal efficiency of amines was examined using silicon phosphates in the present study. We carried out scrubber removal efficiency tests by moving the calibration gas addition system (including calibration gas generator, PFA Tee 3 and solenoid valve) out of the inlet box and connecting to the inlet tube before Tee union 1. This way, calibration gases would be added into the air sample flow upstream of the scrubber. Fig. 3a shows the response of ion signals to the amine additions when the sampling inlet was running in the ambient mode. The calibration gas flow containing methylamine, dimethylamine and trimethylamine (3, 0.4 and 0.6 ppbv) were turned on twice at 6.5-9.5 and 13.8-15.8 min, and the ion signals m/z 32, 46 and 60 changed accordingly. The m/z 46 signal was not affected because NH 3 was always present from in ambient air. The three-way valve was then switched from the ambient mode to the background mode at 8.2-21.9 min, and the three amines were added at 6.5-9.5 and 13.8-15.8 min (Fig. 3b) , in the same manner as shown in Fig. 3a . When the scrubber was turned on (background mode), the NH 3 signal (m/z 64) was lowered at 8.2-21.9 min, indicating NH 3 in the sample air was removed by the scrubber. In the meantime, amine signals also decreased sharply at the 8th minute to the levels nearly identical to those before the amine addition, indicating that most of the three amines from the calibration gases were also removed by the scrubber. The evidence from the second on/off of amine addition at 13.8-15.8 min was more convincing: with the addition of amines upstream of the scrubber, the ion signals did not change at all. These results demonstrate the complete removal of the three amines by the silicon phosphates. The removal mechanism of amines by silicon phosphates may be given by the following pathways:
Similar test experiments were also performed for other amines (ethylamine, diethylamine and triethylamine) and these results showed that silicon phosphates have ,100 % removal efficiency for the six amines examined in the present study. 
Time response
The CIMS response time was examined using the time required for a signal to reach 1/e 2 of the initial signal before the calibration termination (i.e. 1/e 2 decay time [24] [25] [26] 35, 36] ). Assuming the signal follows an exponential decay, the 1/e 2 decay time is equal to two times the mean lifetime of a calibration gas remaining in the system after the calibration is terminated. As shown in Fig. 4 , the open markers represent the measurement results of amine ion signals (normalised against initial ion signals) v. time after the calibration gases of trimethylamine, dimethylamine and methylamine were removed. The decay data were fit by double exponential functions. For example, methylamine decay in Fig. 5 
The time required for the methylamine signal to reach 1/e 2 (13.5 %) of the initial signal was 15 s. Similarly, 1/e 2 decay times for trimethylamine and dimethylamine were 8 and 28 s (Fig. 4) . The response times of all six amines (methylamine, dimethylamine, trimethylamine, ethylamine, diethylamine and triethylamine) and NH 3 were determined by the same approach and repeated five times. The averaged response times, as shown in Table 1 , were between 13 and 27 s, in the same order for other CIMS [24, 25] and PTR-MS experiments, [26, 37, 38] indicating that our CIMS technique was suitable for real-time ambient measurements.
The ion signal increases for methylamine, dimethylamine and trimethylamine, as shown as filled markers in Fig. 4 , were used to determine how long it would take for ion signals to reach a steadystate after the addition of calibration gases. The measurement data could also be fit by double exponential functions, but with negative prefactors. Using methylamine as an example again: methylamine ½ percentage of steady-state signal ð Þ ¼ 100:6 À 57:7e À0:017t À 44:6e
According to this expression, the m/z 32 ion signals could reach 93.2 % of the steady-state level after a calibration gas input duration of 2 min (87.7 and 94.3 % for trimethylamine and dimethylamine). Ideally, the steady-state ion signal increment due to the addition of the calibration gases should be used to calculate sensitivity in the calibration mode. However, a calibration mode longer than 2 min is not desirable because a prolonged exposure of the calibration gas of high concentrations would contaminate the inlet surfaces. Therefore, in the sensitivity calculation, we first calculated the signal difference between the beginning and the end of the 2-min calibration mode (i.e. the difference between the background mode and calibration mode) and then retrieved the steady-state signals by further dividing them with the percentages determined from the signal rise curve fitting (Eqn 2), a similar approach by Benson et al. [22] Sensitivity using ethanol and acetone as ionisation reagents The CIMS sensitivity of an individual base molecule was determined by plotting the steady-state signal increments of its main product ion v. its mixing ratio changes due to the addition of the calibration gas. Fig. 5 shows how the steady-state signal increments varied when the trimethylamine mixing ratios increased from 0.3 to 2.5 ppbv, when using ethanol as ionisation reagent. As the curve shows, the CIMS instrument exhibited a good linear response to trimethylamine (R 2 ¼ 0.998) in the mixing ratio range 0-2.5 ppbv. For this set of calibration measurements, the sensitivity was determined to be 4.57 Hz parts per tillion by volume (pptv)
À1
, with ethanol reagent ion signals (m/z 93) of ,3 Â 10 5 Hz. The sensitivity of all six amines and NH 3 were determined for four trials before and for four trials after the ambient measurements. NH 3 had the highest sensitivity of 8.7 AE 6.1 Hz pptv À1 (ethanol ions ,3 Â 10 5 Hz), whereas the lowest sensitivity was 2.1 AE 0.7 Hz pptv À1 for methylamine ( Table 1 ). The sensitivities using acetone were in general lower than those using ethanol for these six base molecules. The sensitivity for trimethylamine is not included in Table 1 , because the product ion (m/z 60) is too close to the acetone primary ion (m/z 59).
The CIMS sensitivity can also be calculated from the following equation:
where S is the reagent ion intensity (,3 Â 10 5 Hz), k is the ionmolecule reaction rate constant (cm 3 s
) and t is the reaction Chemical ionisation mass spectrometer for amines G time (70 ms in our case). The 2 Â 10 5 cm À3 pptv À1 is the molecule number concentration in the reaction cell, operating at 15 Torr (,20 hPa) and 297 K (a typical experimental condition in our CIMS instrument), for a mixing ratio of 1 pptv amine or NH 3 . The sensitivity of trimethylamine was calculated to be 5.1 Hz pptv À1 , using a k of 1.2 Â 10 9 cm 3 s À1 between trimethylamine and protonated ethanol. [19, 39, 40] Similarly, the sensitivity of NH 3 was calculated to be 6.4 Hz pptv
, based on a k of 1.5 Â 10 9 cm 3 s
between NH 3 and protonated ethanol. [19, 23] These values are within our measured sensitivities of 4.4 AE 0.2 and 8.7 AE 6.1 Hz pptv À1 for trimethylamine and NH 3 ( Table 1 ). In-situ calibration was also performed periodically during the ambient measurement (once every 200 min) to take into account the effects of the variable sensitivities on the quantification of amines and NH 3 . In-situ calibrations for methylamine, dimethylamine, trimethylamine and NH 3 were performed simultaneously using a mixture of these base compounds with known concentrations (generated from the permeation tube). Calibrations for diethylamine and triethylamine were performed only before and after the ambient measurement period, although the ion signals of m/z 74 and 102 were continuously monitored during the entire ambient measurement period. This was because the permeation tube temperatures required to achieve nominal emission rates of diethylamine and triethylamine from permeation tubes are 40 and 80 8C, higher than the 30 8C required for methylamine, dimethylamine and trimethylamine permeation tubes.
The sensitivities varied over time and we have compared the pre-and post-ambient calibration with in-situ calibration results. The relative standard deviation (RSD) of dimethylamine, trimethylamine, ethylamine and diethylamine sensitivities was 4-5 %. The RSD of methylamine and triethylamine sensitivities was 20-30 % and RSD for NH 3 was ,70 %. The varying reaction time in the reaction cell and the fluctuation of reagent ion abundances affect the sensitivity values. During the ambient measurement, the sensitivities were found to change with the pressure of the reaction cell, which was due to unstable pump performances and the day-to-day variation of the sampling air temperature. A lower pressure results in a higher air flow rate and a shorter residence time in the reaction cell, which consequently leads to a lower sensitivity (Eqn 3). The fluctuation of the reagent ion abundance due to different pressures in the reaction cell also affects the sensitivity. To eliminate the effects of variable reagent ion signals on the sensitivity, we have normalised the measured sensitivity using the sum of the three reagent ion signals of ethanol (m/z 47, 93 and 139). After normalisation, the RSD of NH 3 sensitivity was improved to ,60 %. The RSD of methylamine and trimethylamine sensitivities were improved to 17-20 %, whereas those for dimethylamine, trimethylamine, ethylamine and diethylamine were still 4-5 %. The product ion signals were then also normalised using the sum of reagent ion signals. The ambient mixing ratio was calculated from the normalised product ion signals and the normalised sensitivity.
Limit of detection (LOD)
The LOD was estimated from 3 standard deviation (3s) values of the product ion signals during the background measurement, over the 1-min integration time. The background signals were determined from a prolonged background measurement made before the ambient observation. As summarised in Table 1 , the LOD of dimethylamine and, triethylamine obtained with ethanol as ionisation reagent were lower than 10 pptv. The LOD of methylamine, trimethylamine and diethylamine were between 10 and 20 pptv. The LOD of NH 3 and ethylamine were ,40 pptv. In comparison, the LOD using the acetone reagent were a factor of two to five higher, ranging from 30 to 140 pptv, for all six base compounds. The comparison in the LOD also shows that ethanol is a better reagent than acetone for the amine and NH 3 detection. À1 ambient air into the room through a 50 cm-long, 16-cm internal diameter, stainless steel air duct, which was installed on the laboratory wall and grounded. The PFA tube of the CIMS instrument inlet was aligned along the central axis of the air duct. Kent is a small Midwestern college town surrounded by three urban cities, ,60 km south-east of Cleveland, ,30 km east of Akron and ,100 km west from Pittsburgh. Possible regional pollution sources are power plants located in south and south-west Ohio within a 320-km radius around Kent, OH (http://www.epa.gov/air/data/ geosel.html, accessed 30 January 2012). Local emission sources of amines include road traffic and cooking emissions surrounding Williams Hall; the university student cafeteria is located within 2 km. During the ambient measurement, the prevailing wind direction was from the south-west and the backward trajectory analysis with Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) also indicated that the continental air parcel travelled from the south or west. Wind speed ranged from 4.5 to 6.7 m s
Results and discussion
Ambient measurements
À1
, temperature from À5 to 15 8C and RH from 40 to 80 %. Diurnal variations of temperature and RH were not distinctive. Fig. 6 shows a typical sequence of the ambient observation including background, calibration and ambient measurements using the ethanol as ionisation reagent. In total, 11 ions were continuously monitored (Table 1) 
þ , as well as amine product ions with m/z 32, 46, 60, 74, and 102. For simplicity, minor peaks (m/z 18, 47, 74, 139, 102 and 110) are not shown in the figure. Because the mass-to-charge ratios (m/z) obtained from mass spectrometry do not convey molecular structure information of isomers, the product ions detected at m/z 32, 46, 60, 74 and 102 from ambient air should be the sum of all amine isomers and isobaric amides of the same molecular weight. For example, the product ions with m/z 46 can be dimethylamine, ethylamine and even formamide, which has a substantially lower proton affinity (196.5 kcal mol À1 ) than dimethylamine and ethylamine, but still higher than ethanol (185.6 kcal mol À1 ). Product ions m/z 60 can be from several amine isomers with similar proton affinities (e.g. ethylmethylamine 225.2 kcal mol À1 , 2-propanamine 220.8 kcal mol À1 and propylamine 219.4 kcal mol À1 [34] ). They can also be from acetamide (206.4 kcal mol
) and methylformamide (203.5 kcal mol À1 [34] ). An exception was m/z 32 which was assigned only to methylamine, because there are no other amine isomers or amides which have the same massto-charge ratio. As a result, we denoted m/z 32, 46, 60, 74 and 102 ion peaks as methylamine, C 2 -amines (and isobaric amides), C 3 -amines (and isobaric amides), C 4 -amines (and isobaric amides) and C 6 -amines (and isobaric amides).
Background measurements were performed for 5 min every 50 min and calibrations were performed for 2 min every 200 min. The background levels of amines and NH 3 ion signals during every 50-min period were calculated from the average signals over 0.5-1.5 min out of 0-5 min of the background mode, because calibration was also made at 1.5-3.5 min within the background mode in every 200 min. The primary ion of the ethanol reagent was m/z 93 (,350 000 Hz), which was optimised to achieve both a good sensitivity and mass resolution. When switching between different modes, the reagent ion signals varied within 2 %. The CIMS instrumental background levels of NH 3 and six amines during the ambient measurement period are shown in Table 1 . NH 3 had the highest background of ,930 pptv (8000 Hz), whereas the instrumental background of the six amines was between 9 and 40 pptv (10 and 200 Hz).
The net signals of NH 3 and amines in the air sample during the remaining 5-50 min in each ambient mode cycle were determined by subtracting the background signals from the ambient measurement signals. Among all the amine ion signals monitored (m/z 32, 46, 60, 74 and 102), only m/z 46 and 60 showed signal differences between the ambient and the background modes, whereas the responses to other amines were very close to the background signals during the entire period of our ambient measurement. These results indicate that only C 2 -and C 3 -amines (and isobaric amides) were detectable by our CIMS technique, whereas other amine signals were within the LOD.
The one-week observation data of NH 3 and amines are shown in Fig. 7 . One second data were averaged over five minutes. During the period from 17 to 23 November 2011, the measured NH 3 mixing ratio was 517 AE 259 pptv (mean AE one standard deviation). The C 2 -amine (and isobaric amides) mixing ratio was 8 AE 3 pptv, and the C 3 -amine (and isobaric amides) was 16 AE 7 pptv. The C 2 -and C 3 -amine mixing ratios were below the LOD (trimethylamine LOD 13 pptv; trimethylamine LOD 13 pptv) for 33 and 37 % of the sampling duration. The C 2 -and C 3 -amine mixing ratios were only 1-3 % of the NH 3 mixing ratio. The C 2 -and C 3 -amines were at the same order as those measured by Hanson et al. [33] during the summer at an urban site in Atlanta, which showed that C 2 -and C 3 -amines were ,10 and ,15-25 pptv. The mixing ratios of C 3 -amines observed in both Kent (our study) and urban Atlanta [33] were lower than those measured by Sellegri et al. [31] who reported trimethylamine of 50-80 pptv in a Finnish boreal forest during the spring. Another continuously monitored and regularly calibrated amine compound, methylamine, was below the LOD (12 pptv) in our study, whereas it was reported to be less than 5 pptv in urban Atlanta. [33] C 6 -amines were also not detected in our study. In contrast, C 6 -amines were found to be the most abundant amine (,25 pptv in the late afternoon) in Atlanta. [33] These differences in amine mixing ratios are very likely attributed to different emission sources, sink processes and temperature and seasonal variations.
The mixing ratio of C 3 -amines (and isobaric amides) did not show any diurnal variation, but exhibited a similar trend with the temperature variation. In the afternoons of 18, 20, 21 and 23 November, the C 3 -amines had highest mixing ratios of 25-40 pptv, concurrent with the high temperature plateaus from 1200 to 1800 hours on these days. Overall, on four out of six days C 3 -amine mixing ratios showed an increase with the rising temperature from the noontime to the afternoon. When mixing ratios of C 3 -amines were plotted v. temperature, a positive correlation (R 2 ¼ 0.46) was observed (Fig. 8a) . A moderate diurnal pattern of C 2 -amines (and isobaric amides) was observed during the ambient measurement. A daytime peak was observed between 0800 and 1200 hours, with a maximum mixing ratio of 12-15 pptv. Another less pronounced evening peak was present from 1800 hours to midnight, with the maximum mixing ratio of 10-15 pptv. During all other hours, the C 2 -amine mixing ratios were below the LOD (7 pptv).
NH 3 mixing ratios (517 AE 259 pptv) did not exhibit a diurnal variation. The NH 3 mixing ratio showed a peak at ,1200 hours on 18 and 23 November. Amines often have common atmospheric emission sources as NH 3 , including animal husbandry, Chemical ionisation mass spectrometer for amines I biomass burning, waste incinerates and automobile exhaust. [21] We plotted the mixing ratios of C 2 -and C 3 -amines v. NH 3 (Fig. 8b, c) . The mixing ratios of these two amines generally increased with the increasing NH 3 mixing ratio. However, the low correlation coefficients of 0.30 (C 2 -amines v. NH 3 ) and 0.35 (C 3 -amines v. NH 3 ) suggest some different emission sources, removal mechanisms and atmospheric processes of amines and NH 3 at our site.
Comparison with other CIMS methods
Amines have been previously measured by CIMS, as shown by Sellegri et al. [31, 32] and Hanson et al. [33] Our CIMS technique differs from these CIMS techniques in terms of the ionisation scheme, background measurement and calibration. Our CIMS method utilises protonated methanol and acetone ions as ionisation reagents, which is different from PTR-MS and AmPMS using protonated water ions as ionisation reagent. The proton affinities of ethanol and acetone (185.6 and 194.1 kcal mol À1 ) are higher than for water (165.2 kcal mol À1 ). [34] The higher reagent proton affinity enables a higher selectivity of the CIMS method so that base molecules with high proton affinities (e.g. amines and NH 3 ) are ionised without significant interferences from other abundant gaseous organic compounds in the atmosphere.
The major technical advantage of our CIMS method over these two previous amine-CIMS techniques [31] [32] [33] is that in-situ calibration was made in real time for ambient measurements. In AmPMS [33] and PTR-MS [31, 32] measurements, the CIMS sensitivity was kinetically calculated based on the reagent ion signal of H 3 O þ (H 2 O) n , the reaction time and the reaction rate constant (Eqn 3), and amine concentrations were then calculated from amine product ion signals. However, because of the possible reverse reactions in Eqn R1-R4, as well as the uncertainties in the reaction rate constants and the reaction time, the actual sensitivities can be different from those calculated from reaction constants, as shown in the present study. To take into account these uncertainties and unknown factors, we have used in-situ calibrations (once every 200 min) for the ambient measurement.
The PTR-MS and AmPMS techniques have obtained zero gases using a catalyst converter (e.g. platinum) at a high temperature (350-450 8C) as a scrubber. In comparison, our CIMS method has used silicon phosphates as a scrubber to generate the zero gas for the background measurement. Our test results show that silicon phosphates can efficiently remove both inorganic (NH 3 ) and organic (amines) base analytes. This is also the first time that the removal efficiency of silicon phosphates on amines was examined. An advantage of using the silicon phosphate scrubber is that it can be used at room temperature and hence can minimise temperature fluctuations within the sampling inlet to reduce the adsorption and desorption of amines from inlet surfaces. In our system, the entire inlet and calibration system was placed in an enclosed housing maintained at a constant temperature of 35 8C.
Regardless of these differences in instrumentation, our ambient measurement showed atmospheric amine mixing ratios in Kent, OH, at the same order of magnitude as the measurements in Atlanta, GA, with AmPMS [33] and in boreal forests in Finland with PTR-MS. [31, 32] All these studies show total mixing ratios of amines at the pptv or tens of pptv range. Hanson et al. [33] observed a pronounced exponential correlation between C 6 -amines and temperature, whereas the correlation was weaker for C 3 -amines and was small for C 1 -and C 2 -amines. We also observed a positive correlation between C 3 -amines and temperature and a weak correlation for C 2 -amines. Considering differences in location and season, these three independent CIMS methods show similar concentrations of atmospheric amines.
Conclusions
Development of an online mass spectrometry technique to measure amines in the atmosphere is critically needed to study secondary aerosol formation mechanisms. The present study describes a CIMS technique that can measure several atmospherically relevant amines and NH 3 , simultaneously. We have examined the instrument background, time response and LOD of methylamine, dimethylamine, trimethylamine, ethylamine, diethylamine and triethylamine and demonstrated the capability of the CIMS techniques and instrument for atmospheric measurements.
We have tested two different types of ionisation reagents and found that ethanol can provide a better sensitivity and LOD than acetone. We found that silicon phosphates, typically used as a NH 3 scrubber, can also efficiently remove amines. The CIMS instrumental background levels of the six amines were between 9 and 40 pptv, much lower than ,930 pptv for NH 3 . The CIMS technique showed similar sensitivities for the six alkyl amines, 2.1-7.2 pptv Hz
À1
, determined with ethanol ion signals of ,3 Â 10 5 Hz. The LOD of these amines ranged from 7 to 41 pptv with a 1-min integration time. The response times were 13-26 s for the six amines, which were similar to other CIMS [24, 25] and PTR-MS techniques. [26, 37, 38] Ambient measurements were conducted in the autumn of 2011 in a less polluted site of Ohio. The in-situ calibration showed that the mixing ratios of C 2 -amines (and isobaric amides) and C 3 -amines (and isobaric amides) were above the LOD during ,60 % of the sampling period. The mixing ratios were 8 AE 3 pptv for C 2 -amines and 16 AE 7 pptv for C 3 -amines, which were only 1-3 % of the NH 3 mixing ratio (517 AE 259 pptv). The C 3 -amines mixing ratios were correlated with the ambient temperature (R 2 ¼ 0.46). A diurnal variation of C 2 -amines was observed with a morning and an evening peak. A weak correlation between the two amines and NH 3 suggest different atmospheric sources and removal mechanisms of amines and NH 3 at this site.
The overall uncertainty in our CIMS measurements was less than 25 %, accounting for uncertainties associated with the mass flow controllers and amine standard gases, as well as the variability of ion signals. Our CIMS measurement made at Kent and other measurements with PTR-MS and AmPMS at different locations [31] [32] [33] show relatively agreeable concentrations of atmospheric amines (tens of pptv and lower). The present study presents our initial efforts to quantify atmospheric trace amines, and future work such as intercomparison with an offline chromatographic method is needed for a more comprehensive evaluation of this CIMS technique. v. the ambient temperature on an hourly basis. These data were taken from those used in Fig. 7 . (b) and (c) the mixing ratios of two amines v. NH 3 mixing ratios, on the basis of five minute averaged data.
